Corbard & Thompson analyzed quantitatively the strong radial differential rotation that exists in a thin layer near the solar surface. We investigate the role of this radial shear in driving a flux transport dynamo operating with such a rotation profile. We show that despite being strong, near-surface radial shear effectively contributes only ∼1 kG (∼30% of the total) to the toroidal fields produced there unless an abnormally high, surface a-effect is included. While 3 kG spot formation from ∼1-2 kG toroidal fields by convective collapse cannot be ruled out, the evolutionary pattern of these model fields indicates that the polarities of spots formed from the nearsurface toroidal field would violate the observed polarity relationship with polar fields. This supports previous results that large-scale solar dynamos generate intense toroidal fields in the tachocline, from which buoyant magnetic loops rise to the photosphere to produce spots. Polar fields generated in flux transport models are commonly much higher than observed. We show here that by adding enhanced diffusion in the supergranulation layer (originally proposed by Leighton), near-surface toroidal fields undergo large diffusive decay preventing spot formation from them, as well as reducing polar fields closer to the observed values. However, the weaker polar fields lead to the regeneration of a toroidal field of less than ∼10 kG at the convection zone base, too weak to produce spots that emerge in low latitudes, unless an additional poloidal field is produced at the tachocline. This is achieved by a tachocline a-effect, previously shown to be necessary for coupling the north and south hemispheres to ensure toroidal and poloidal fields that are antisymmetric about the equator.
INTRODUCTION
It is widely believed that a magnetohydrodynamic dynamo produces the 11 yr activity cycle by generating a magnetic field within the Sun. Extensive studies over the past decade (Wang, Sheeley, & Nash 1991; Choudhuri, Schüssler, & Dikpati 1995; Dikpati & Charbonneau 1999, hereafter DC99; Küker, Rüdiger, & Schultz 2001; ) reveal that flux transport dynamos are successful in reproducing many large-scale solar cycle features, including a difficult one, the phase relationship between the toroidal and poloidal components. These models can also produce the correct dynamo cycle period when the amplitude of the meridional flow that is observed near the surface is used. These models invoked solar-like differential rotation that contains a strong radial gradient in the tachocline and showed that the strong toroidal fields are generated in the tachocline. The surface eruption of these fields as bipolar spots is believed to be due to their buoyant rise through the convection zone.
Recently, Corbard & Thompson (2002) reported a quantitative analysis of the radial gradient of angular velocity in the subphotospheric layer using Michelson Doppler Imager (MDI) observations of surface gravity waves from the Solar and Heliospheric Observatory. Their analysis infers that a strong radial shear resides in a thin layer just below the solar surface for depths down to about 15 Mm. Foukal (1972) first proposed such a shear layer with angular velocity increasing inward as an explanation for differences in rotation rates of large and small sunspots. Foukal & Jokipii (1975) argued that radially moving fluid elements in convection could produce the inward increase if they tended to conserve their angular momentum. Gilman & Foukal (1979) verified this effect with a Boussinesq spherical shell convection model, and De Rosa (2002) has recently shown that it happens in (anelastic) compressible convection as well. Kosovichev (1996) , while estimating the tachocline thickness, also noted that a subsurface shear layer results when the helioseismically obtained internal rotation is matched with the surface rotation (Snodgrass 1992) .
The observational as well as theoretical inferences for the existence of this subphotospheric radial shear layer immediately raise several questions. Is the a-Q solar dynamo operating primarily near the surface? Do the toroidal fields manifest directly after they are generated there? Are the poloidal fields also generated there by the decay of active regions? Is there no longer a need for flux storage in the subadiabatically stratified overshoot layer and radiative zone? To answer these questions, we simulate a flux transport dynamo incorporating this newly estimated rotation profile.
In flux transport dynamos, meridional circulation takes the primary role in transporting magnetic flux. Thus, if the toroidal fields are generated by the near-surface radial shear (Q-effect) in such models, they would be transported toward the pole. On the other hand, a strong, negative radial shear, in conjunction with a positive poloidal source term (such as a Babcock-Leightontype source) near the surface would give rise to an equatorward, classical dynamo speed, since . This speed can poaѨQ/Ѩr ! 0 tentially compete with the poleward advective speed. One aim of this Letter is to investigate the evolutionary pattern of the magnetic fields in the subphotospheric shear layer, specifically to explore the feasibility of closing an a-Q dynamo loop directly in the near-surface shear layer, ignoring any tachocline Q-effect (Brown et al. 1989 ).
ANALYTICAL PRESCRIPTION FOR THE OBSERVED NEAR-SURFACE SHEAR
In order to infer the radial gradient of angular velocity close to the surface, Corbard & Thompson used a small, but significant, radial dependence of the f-modes with degrees between and 300 observed by MDI between 1996 May and l p 117 2001 April (Schou 1999). The outward gradient is found to be negative with a value of about 400 nHz Ϫ1 , remarkably R , constant up to 30Њ latitude, before decreasing to a small value approaching zero at about 50Њ latitude. At higher latitudes, the inference is much less certain, but the high degree modes l 1 seem to indicate that the gradient may reverse its sign and 250 become strongly positive.
To incorporate the near-surface radial shear in the dynamo simulation, we derive an analytical form for the solar internal rotation as a function of latitude and depth. This model can be described as follows (from the core to the surface): (1) the rotation rate is taken to be constant in the radiative interior (Q 0 ); (2) the location ( ) and the width ( ) of the tachocline are r q tac tac assumed independent of latitude; (3) the rotation rate at the top of the tachocline ( ) and at the surface are given by r cz , where ( , ) describe the lat-
assuming no net torque across the tachocline, and ( )
eq is taken from surface plasma observations (Snodgrass 1992) ; (4) the near-surface radial gradient is assumed to be constant at a given latitude down to a radius ( ), and its latitudinal depenr s dence is given by gives the very flat part at low latitude corresponding to the constant negative gradient and allows for a strong positive gradient above 50Њ. The transitions between different gradients are constructed by using error functions centered at , , and and widths r r r
, where
stands for tac, cz, or s. This introduces two new parameters ( , ), leading to a total of 12 parameters (see parenthesescz s in the description above) for the final expression of the solar internal rotation, given by 2 4
This form can be related to Kosovichev's (1996) profile, where the parameters were fixed by fitting the tachocline parameters from the Big Bear Solar Observatory observations and assuming the conservation of angular momentum in the supergranulation layer. Here we keep the values of those parameters the same as in Kosovichev's model except for considering a thinner tachocline (see the review from Corbard et al. 2001 ) and assuming nonzero widths of the transitions at and in order r r cz s to avoid discontinuities in the derivative. We take the position of the near-surface maximum arbitrarily at the base of the layer
DIKPATI ET AL. L43 Table 1 ). Dark shading represents negative fields. Negative toroidal fields in a time-latitude diagram denote the negative polarity of the following spots in the bipolar spot groups). sensed by the observed f-modes and fit the f-mode observation as discussed above in order to get the subsurface shear parameter, instead of assuming angular momentum conservation (see Tables 1 and 2 ). Figure 1 shows the solar rotation contours. Figure 1a corresponds to Kosovichev's (1996) profile (see his Fig. 2) ; Figure 2b shows the profile from the new model based on the observed surface gradient. For comparison, we include in Figure 1c a profile obtained by RLS inversion of 72 days of MDI frequency-splitting observations. This last profile exhibits much more complicated structures, especially at high latitudes. The result of such a global inversion involving global regularization is however not good for providing precise and localized information about the shear layers. Since the purpose of this work is to study the influence of such shear layers in dynamo models, we believe it is more important at this stage to use the best observational inference of the radial shear, while keeping a simple description of the differential rotation in the bulk of the convection zone rather than attempting to include all details of differential rotation deduced from a global inversion.
WHERE IS THE SOLAR DYNAMO LOCATED?
To focus primarily on the question of whether the major toroidal fields are generated near the surface or at the tachocline, we select the framework of a Babcock-Leighton-type flux transport dynamo of DC99. The reason is that the poloidal fields in Babcock-Leighton models are also generated near the surface, and therefore they can be available immediately after they are born for further generation of toroidal fields by the action of strong, surface radial shear. Prescribing our newly parameterized solar rotation profile (eq. [1]), we solve the dynamo equations (3a) and (3b) of DC99. We keep the other ingredients-the meridional flow pattern, a Babcock-Leightontype poloidal source term that depends on latitude and magnetic field strength, and a depth-dependent diffusivity profile-the same as in DC99. We apply the similar boundary conditions and employ the same numerical technique of DC99. We plot time-latitude diagrams of solutions for the evolution of , , and in Figure 2 . Note that
at the top boundary; therefore, we extract the solution at 0 , at the center of the near-surface shear layer. r p 0.98R
In panels a and b, we see an equatorward migration of the near-surface toroidal fields (produced, respectively, without and with near-surface shear) suggesting a solar-type butterfly diagram in both cases. Panels b and c of Figure 2 reveal is observed. In other words, polar fields would have the polarity of follower spots early in a sunspot cycle and that of leader spots late in the cycle, exactly the opposite of what is observed. If the spots are generated from the buoyantly rising toroidal flux tubes from the base of the convection zone, then they would appear with a correct phase with respect to their vector counterparts at the surface. Note that the polar fields (in Fig. 2c ) reverse their sign from positive (white) to negative (black) when the subsurface toroidal field (in Fig. 2d ) is already negative (black). The same thing is true without near-surface shear, which can be seen by comparing Figure 2a with its corresponding polar field in a time-latitude diagram (not shown). Therefore, the near-surface shear as the source of spots can be ruled out as it produces a 180Њ phase error. Table 3 below presents the field strength generated at the convection zone base and near the surface when the near-surface radial shear is present and also when it is absent. We find that the presence of the near-surface radial shear hardly contributes to at , increasing the strength by 0.5 kG only. B 0.98R f undergoes much less decay than because our
choice of diffusion coefficient is cm 2 s Ϫ 1 at the bot- The possibility of flux concentration by convective collapse near the surface and hence the 3 kG spot formation even from ∼1-2 kG toroidal field cannot be ruled out. But the polarities of spots that would be formed from the peak toroidal field near the surface, rather than from the buoyantly rising flux loop originating in the peak toroidal field at the convection zone base, would violate the observed polarity relationship with the polar fields.
The near-surface toroidal fields are not weak in this model because the poloidal fields themselves are not weak (1100 G). Such strong poloidal fields near the surface eventually result in producing the strong (1500 G) polar fields owing to the poleward convergence of the meridional flow. This has been noted as one of the drawbacks in Babcock-Leighton flux transport models (Durney 1995; Dikpati & Charbonneau 1999; Kü-ker et al. 2001) . A turbulent diffusion ( ) of 10 11 -10 12 cm 2 s
Ϫ1
h T is not enough to reduce them. There is no direct measurement for other than the mixing-length-type arguments. Increasing h T the value of to greater than 10 12 cm 2 s Ϫ1 in the bulk of the h T convection zone would lead to a reduced polar field due to large diffusive decay of the large-scale poloidal fields in the upper convection zone, but it would also lead to an incorrect dynamo speed and an incorrect phase relationship between the sunspot fields and the surface radial fields (not shown here) because the mode of operation of the dynamo no longer remains the advective conveyor belt type; rather, it shifts to the diffusion-dominated regime.
However, we can remedy this problem of large polar field production in the Babcock-Leighton flux transport models if we include a second diffusivity contrast, across the thin supergranulation layer near the surface, in addition to one across the core-envelope interface. While a supergranular diffusion coefficient (  -10  14 ) in the bulk of the convection zone will help the dynamo remain in the advection-dominated regime. Leighton (1964) ) # 10 and used by various authors (e.g., Mosher 1977; Wang, Nash, & Sheeley 1989; Schrijver 2001) to model the observed dispersal of bipolar and unipolar regions. We have chosen here a broader range of supergranular diffusion that is consistent with the full range of estimates from analysis of surface magnetic field and supergranular patterns.
Incorporating such diffusivity contrast as shown in Figure 3 , we first solve the Babcock-Leighton flux transport dynamo. Then, we also explore how the polar field strength is affected in a flux transport dynamo driven by a tachocline a-effect (Dikpati & Gilman 2001) and operating with this supergranular diffusion. We compare the results in . This is because the surface poloidal fields act as the B F f rp0.7R seed for further toroidal field production, so reduction leads B pole to reduction of the toroidal fields at the convection zone base. Beyond a certain high supergranular diffusion, the polar fields are reduced to the solar-like value, but that, in turn, reduces amplitude for low-latitude spot emergence. All the above simulations fail as dynamos if the tachocline shear is removed.
